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Five period InGaN/GaN multi quantum well (MQW) light emitting diode (LED) structures were grown by a
metalorganic chemical vapor deposition (MOCVD) system on c-plane sapphire. The structural characteristics as
a strain-stress analysis of hexagonal epilayers MQWs were determined by using nondestructive high resolution
x-ray diffraction (HRXRD) in detail. The strain/stress analysis in AlN, GaN, and InGaN thin films with a
variation of the In molar fraction in the InGaN well layers was conducted based on the precise measurement of
the lattice parameters. The a- and c-lattice parameters of the structures were calculated from the peak positions
obtained by rocking the theta axis at the vicinity of the symmetric and asymmetric plane reflection angles,
followed by the in-plane and out-of-plane strains. The biaxial and hydrostatic components of the strain were
extracted from the obtained a- and c-direction strains values.
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1 Introduction
Group III-nitride based semiconductors have gained much interest in optical device applications in the industry
for the visible spectral regime in the past decade [1–4]. Especially, high-brightness light emitting diodes (LEDs),
operating at short visible wavelengths, violet, blue, and green, were made possible by the development of
metalorganic chemical vapor deposition and metalorganic vapor phase epitaxy growth techniques [5,6]. Currently,
it is still difficult to obtain high-quality LEDs because of the large lattice mismatch and the difference in the
thermal expansion coefficients (TECs) between the films and substrate [7]. The reason for this is the difference that
results in high level strain, stress, and mosaic defects, such as screw and edge type dislocations, lateral and vertical
coherence lengths, as well as tilts and twist angles [8,9]. To produce a quality LED, its characterizing parameters
(compound, thickness, growth temperature, etc.) are basically conducted. Therefore, the studies made on strain-
stress are very important for resolving the defect structure that appeared in LED growth. Recently, a number of
discussions on strain-stress over the different problems were given in the literature [10–14]. Kisielowski et al.
[10] firstly presented that the superposition of a hydrostatic and a biaxial strain field determines the observed stress
in GaN thin films. Precise information on the composition of the strained layer in the alloy semiconductors can
be obtained by HRXRD measurements using well established simulation procedure including the Takagi-Taupin
formulation of dynamic X-ray theory [15]. The lattice parameters of the compounds can also be evaluated from
the positions of the diffraction peaks measured by using the HRXRD technique. In addition, the relaxed lattice
parameters have been calculated from the obtained experimental values of the lattice parameters with the help of
the Poisson coefficient [10,16,17].
The hydrostatic pressures affect the positions of the nitrogen vacancy levels in GaN or GaN related compounds
since the lattice constant is changed [18]. It can be said that the hydrostatic strain is also affected by the presence
of point defects such as impurities and vacancies that alter the lattice parameters. The strain can be compressive
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Sapphire Substrate 330 μm Fig. 1 The five period InGaN/GaN MQW structures (A, B,
and C).
or expansive depending on the size of the point defects. The biaxial strain originates from the lattice mismatch
between the substrates and the grown epitaxial layer with different TECs [10,11,19]. In addition, the stress can
be caused by lattice mismatch, island coalescence, grain growth, or surface stress [20–22].
In the present study, the three 5x(InxGa1−xN/GaN) MQW LED structures were grown by MOCVD. The values
of the lattice spacing of the samples were calculated from Bragg law by using the peak positions of symmetric
and asymmetric reflection obtained from HRXRD. Using the lattice parameters determined with lattice spacing,
the strain, a- and c-direction strains, hydrostatic strain, biaxial strain, and biaxial stress values were calculated by
using the method described in [10,11] and were discussed with their reasons in detail.
2 Experimental
Three samples with five period-InGaN/GaN MQW LED structures were grown by MOCVD on c-plane (00.1)-
faced sapphire substrates with a 10 nm low-temperature (LT) AlN nucleation layer. Hydrogen was used as the
carrier gas for trimethylgallium (TMGa), trimethylaluminum (TMAl), and ammonia (NH3), which are used as
source compounds. During the growth, the reactor pressure was kept at 200 mbar. A 10 nm AlN nucleation layer
and 400 nm AlN buffer layer were deposited at 840 ◦C and 1150 ◦C, respectively. A 340 nm GaN buffer layer
was grown at 1080 ◦C. A thick n-type GaN:Si layer with a thickness of 1600 nm was grown on the GaN buffer
layer for all of the samples. Quantum well layers were formed, such that each 2 nm InxGa1−xN active layer was
separated from one another by a thin 9 nm GaN that was grown at different temperatures. Finally, a 160 nm thick
p-type GaN:Mg cap layer was deposited on the MQWs at 1033 ◦C. During the growth, the TMIn pressure in the
bubbler was fixed at 600 mbar for samples A and B, and 1000 mbar for sample C while the carrier gas content
was kept constant for all the samples. The grown structures are shown in figure 1.
X-ray measurements were carried out on a D-8 Bruker high-resolution diffractometer by using CuKα1
(1.540 Å) radiation, a prodded mirror, and a 4-bounce Ge (220) symmetric monochromator. The angular resolution
of the diffractometer was 0.004◦ with the Si calibration sample.
3 Results and Discussion
Some structural parameters of the grown samples were identified with the analysis of the data obtained by
HRXRD measurements. The recorded θ − 2θ X-ray diffraction spectra from the samples are shown in figure 2.
The (00.2), (00.4), and (00.6) diffracted peaks for the layers in all the samples were observed. The (00.6) and
(00.12) peaks for the sapphire substrate were also observed. These results indicate that all the grown layers on
the substrate are mono-crystalline. The ω − 2θ profiles for (00.2) and (00.6) symmetric planes for the grown
samples are given in figure 3. Moreover, as an example, the ω − 2θ profile for the (10.5) asymmetric plane
of sample A is shown. As shown in these figures, beside of the InGaN and AlN reflections, an intense (00.2)
reflection GaN and its partial superposition with InGaN are observed, and the satellite peaks are well resolved,
indicating that the GaN, InGaN, and AlN layers have a quality single phase of wurtzite structures. In all curves
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Fig. 2 Recorded the θ − 2θ X-ray diffraction spectra for three InGaN/GaN MQW.
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Fig. 3 High-resolution Bragg reflections for symmetric and asymmetric planes (a) (00.2), (b) (00.6) reflection of samples
A, B, and C and (c) (10.5) reflection of sample A.
in the figure 3a, the reflection peak of the GaN layer, which corresponds to the Bragg reflection from the (00.2)
plane of stoichiometric GaN, was observed. The zero-order superlattice peak (SL0) is situated on the left of the
peak of GaN layer. The SL0 peaks which are the centers of the pattern were not resolved from the GaN peak at
the (00.2) symmetric plane which has higher peak intensities. However, these peaks of the three samples were
well separated from the GaN peak both at the (00.6) symmetric and the (10.5) asymmetric plane reflections. The
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path difference between the incident and reflected beams for two planes are different from each other due to the
distance between (00.2) and (00.6) planes. With other words, the angle of the incident beam on (00.6) is bigger
than the one on (00.2). As the result of these, the peak separation is more evident in (00.6).
Precise determination of the alloy composition of strained heterostructure QW stack is significant to determine
the elastic constants (and also Poisson ratio) by excluding the strain effects [23]. It is well known that the
composition and other mismatch component of the relaxed layer are determined by the peak separation angle
between the Bragg peaks of the layer and the substrate obtained by XRD rocking curve. However, the calculation
of alloy content in the strained and partially relaxed layer using XRD data is more complex than fully relaxed
cases. For the strained layer, the composition and the layer thickness can be obtained precisely by the evaluation
of the XRD measurements [15,24–26]. One specific approach for these evaluations is the approach of Takagi
and Taupin [27,28] for deformed epitaxial layers using dynamical X-ray diffraction theory [29]. The definite
information about the deformed crystals can be derived from well established simulation procedure using the
Takagi-Taupin formulation [26]. However, this formulism is not fully success for analyzing of the partially relaxed
layers.
In our grown sample, the In contents in the strained QW have been obtained by using commercial LEPTOS
4.02 software that is based on the solution of the Takagi-Taupin formulation [30]. In addition for this, “LEPTOS
has two principal schemes for sample parameter evaluation: (i) empirical estimate and (ii) precise fitting. The
former makes an approximate estimation of abovementioned parameters on the basis of substrate/layer peak
positions/intensity and interference thickness (Kiessig) fringes. Both kinematical and dynamical approximations
are used to evaluate the sample parameters, and analytical expressions provide fast though approximate results
[31]. For all the samples, the dotted line (in figures 3a and b) shows the fit curves of the HRXRD scan using
the software. The In contents for the samples A, B, and C have been found as 6.50%, 9.75%, and 12.78%,
respectively. The alloy composition in the epilayer is very sensitive to the substrate temperature [32,33]. The
desorption of the In atoms at high growth temperature is stated to be increased due to the decomposition of In-N
bond at this temperature [33]. The In incorporation is related to the volatility or desorption of In on the grown
surface.
Therefore, at the low growth temperature, volatility/desorption of the In from the surface is reduced and
incorporation of In into epi-layer is increased. In contrast, In desorption from the surface is increased by increasing
the growth temperature. Accordingly, samples A and B of our study were grown at the same conditions except the
growth temperature (at 720 ◦C and 710 ◦C, respectively) and it is found out that the In composition of samples A
are smaller than the sample B. On the other hand, sample B and C were grown at the same temperature (710 ◦C)
with different In flow rate. The increase of the In composition in the grown layer could be obtained by increasing
In flow rate up to a desired value [33], therefore, In composition in the sample C, which has a greater In flow rate
than sample B (figure 1), is higher than sample B.
For the stress-strain analysis, we have used the (00.2), (00.4), (00.6), (10.1), (10.2), (10.5), (11.2), and (12.1)
reflections. The out-of-plane, εc, and in-plane, εa, strain components of epi-layers can be expressed as
εc = cr − c0
c0
, εa = ar − a0
a0
(1)
where cr and ar are strained lattice parameters, and c0 and a0 are unstrained lattice parameters [14]. The
unstrained lattice parameters are cGaNo = 5.1855 Å , cInNo = 5.7033 Å , cAlNo = 4.9792 Å , and aGaNo = 3.1890 Å,
aAlNo = 3.1114 Å , aInNo = 3.5378 Å for powder GaN, AlN, and InN [34–36]. The cl-lattice parameters of
GaN, AlN, and InGaN layers have been calculated using the ω − 2θ -scans of the (00. l) reflections for l =
2, 4, 6;
cl = lλ2 sin θl (2)
where θ l is the peak position of the (00. l) reflections, and λ is the wavelength of the CuKα1 reflection [37].
The precision in the measurement of the lattice constant depends on the precision in sinθ , as seen in equation 2.
To calculate the ideal lattice parameters, using an extrapolating function can reduce the errors in the measurements
of the θ angle in the XRD scan. The error of the cl-lattice parameters can be given as [14,37]
c
cr
= −D
r
pl (3)
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Fig. 4 The extrapolation of the cl lattice parameter of GaN, AlN and InGaN layer in the samples versus
cos2 θ l/sin θ l.
Table 1 Measured c- and a- strained lattice parameters.
Samples GaN AlN InGaN
A a(Å) 3.1816 3.0781 3.2071
B 3.1818 3.0736 3.2132
C 3.1818 3.0782 3.2212
A c(Å) 5.2001 4.9812 5.2282
B 5.2027 4.9822 5.2427
C 5.2060 4.9853 5.2580
where c = cl − cr and pl is an extrapolation function given by
pl(θl) = cos
2 θl
sin θl
(4)
where θ l is the peak position of the (hk. l) reflection, r (∼415 mm) is the distance specimen detector, D (∼0.145◦ )
is the possible displacement of the specimen with respect to the goniometer axis in the equatorial plane and the
lattice parameter cr is determined from the plots {pl(θl), cl} , (l = 2, 4, 6) [37]. The extrapolation of the cllattice
parameter of the GaN, AlN, and InGaN layers in samples A, B, and C is illustrated in figure 4. The true value
of the lattice parameter (c) was obtained by this extrapolating linear line of the lattice parameter versus the
extrapolation function given in equation (4). The obtained strained c-lattice parameters (c = cr) for the GaN,
AlN, and InGaN hexagonal system are shown in table 1.
The a-lattice parameter of the layers for the diffraction peaks of the (hk. l) asymmetrical reflections is found by
the below equation [37];
a(hkl) = cdhkl
√
(4/3) (h2 + k2 + hk)
c2 − l2d2hkl
(5)
where dhkl is the distance of the interplanes. Using the above mentioned extrapolation method, the calculated
a-strained values for GaN, AlN, and InGaN hexagonal structures are given in table 1.
The unstrained a- and c-lattice parameters for InxGa1−xN layers for all the samples were calculated by using
Vegard’s law; aInxGa1−xN = x aInN + (1 − x) aGaN [38,39] with the unstrained lattice constants of GaN and InN
in powder form [34–36] and using the In composition which obtained from the evaluation XRD data for the grown
samples. Here x, unstrained aInN and unstrained aGaN is known. Unstrained aInxGa1−xN are used to obtain strain
properties. The obtained lattice parameters are given in table 2. In addition, the ideal ratio of lattice parameters
(c/a) for an ideal hexagonal crystal is 1.633 [23]. However, it is well known that the c/a-ratios of wurtzite ternary
C© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.crt-journal.org
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Table 2 Calculated unstrained c- and a-lattice parameters of the InGaN epilayer using Vegard’s law.
Sample
Parameters A B C
a(Å) 3.2117 3.2231 3.2336
c(Å) 5.2192 5.2360 5.2517
GaN-based alloys are below this value. For samples A, B, and C the c/a ratio of InGaN was calculated as 1.630,
1.632, and 1.632, respectively.
The calculated normal strains, depending on In content of InGaN in the a- and c-directions for all epitaxial
layers of three LED structures, are shown in figures 5a and b. In all the epilayers, the calculated elastic strains in
the a- and c-directions can be of the compressive (negative strain) and tensile (positive strain) types, respectively,
which strongly exhibited characteristic behavior. In the a-directed and c-directed strains of the InGaN and the
thick GaN and AlN buffer in the samples are the compressive and tensile types, respectively. In these two
directions, the strain magnitudes in the AlN layers are larger than the GaN layers. The strains in the c-direction
for these layers show similar behavior. These cases are related with the presence of their deformation states
coming from the large difference between the lattice parameters or lattice mismatches between AlN and GaN.
As seen in figures 5a and b, the strain in the c-direction of the InGaN layer is decreased with the increasing of
the In content while the strain in the a-direction of the InGaN layer is increased with the In content. The strains
of the InGaN layers were the compressive type in the a-directions when the c-directed strains of the samples
were tensile. Strains in different directions have to be in different behaviors as tensile or compressive due to the
in-plane and out of plane lattice mismatch. Difference in the lattice constants and thermal expansion coefficient
between the grown layers leads to formation of deformation in the heterostructures [40]. The deformation state in
the InGaN was affected from the behaviors of the GaN and AlN layers as shown in figures 5a and b. Here, it is well
known that the AlN layer plays an important role in the reduction of the mismatch between GaN and Sapphire.
Moreover, the deformation states in the InGaN epilayers have appeared with point defects that originated from
the large difference in the covalent radii of the Ga, N, Al, and In atoms (rGa = 0.126 nm, rN = 0.07 nm, rAl
= 0.147 nm, rIn = 0.144 nm). Furthermore, the grown layers can be affected by common impurities or doping
materials (oxygen, elements to induce n or p-type carriers).
By hydrostatic pressure coming from point defects, lattice parameters widens as volume at equal values. But
by biaxial stress, the lattice parameters widen in plane at equal values. The stresses in the heteroepitaxial films
are biaxial by nature. It is established that in GaN/sapphire heterostructures the character of the stress originating
from the mismatch between the epilayer and the substrate lattice parameters is really biaxial [10,11,41,42].
The obtained values of εc and εa are superpositions of the biaxial strain components εbc and εba , and of the
hydrostatic strain component εh [10,11,14];
εc = εbc + εh, εa = εba + εh (6)
where εh is given by
εh = 1 − ν1 + ν
(
εc + 2ν1 − ν εa
)
(7)
The hydrostatic strain εh depends on the Poisson ratio, which is determined from the elastic constants C13 and
C33 with the relation of ν = c13/(c13 + c33) . The elastic constants of GaN [43], AlN [44], and InN [45] are given
in table 3 with the calculated Poisson ratio. In addition, the elastic constants and Poisson ratio of InGaN layers
for all the grown samples have been calculated using the a- and c- lattice parameters obtained from Vegard’s law
[46,47]. The calculated values are presented in table 4.
Using the above relations, the calculated biaxial strain components of the GaN, AlN, and InGaN layers are
shown in figures 5c and d. These components for the InGaN, GaN, and AlN layers in the a- and c- directions in
the all the samples were of the compressive and tensile types, respectively. As seen in these figures, the biaxial
strain for the InGaN layer was increased with the In content in two directions. If the hydrostatic strain is zero, the
Poisson ratio (or elastic constants) is related to the ratio of the strain components εc/εa = −2ν/(1 − ν) [10,17].
In the presence of the hydrostatic strain, we calculated the strain ratio using the extracted values from the εh of
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Fig. 5 The calculated strains in the (a) a- and (b) c-directions versus the In content of GaN, AlN, and InGaN
structures for three samples. The biaxial strain components versus the In content of GaN, AlN, and InGaN
structures for three samples: (c) a- direction and (d) c-direction. (e) The biaxial stress versus the In content of
GaN, AlN, and InGaN structures for three samples. (f) The hydrostatic strain versus the In content of the GaN,
AlN, and InGaN structures for three samples.
Table 3 The elastic constants and calculated Poisson ratio for GaN, AlN, and InN.
Parameters GaN AlN InN
C11(GPa) 390 ± 15a 411 ± 10b 190 ± 7c
C12(GPa) 145 ± 20a 149 ± 10b 104 ± 3c
C13(GPa) 106 ± 20a 99 ± 4b 121 ± 7c
C33(GPa) 398 ± 20a 389 ± 10b 182 ± 6c
Mf (GPa) 478.5 ± 16 509.6 ± 17 133.1 ± 3
Poisson ratio 0.210 ± 0.023 0.203 ± 0.002 0.399 ± 0.005
a[43], b[44], c[45].
Table 4 Calculated elastic constants and Poisson ratios for the InGaN epilayer.
InGaN
Parameters Sample A Sample B Sample C
C11 (GPa) 377.0 370.5 364.4
C12 (GPa) 142.3 141.0 139.8
C13 (GPa) 107.0 107.5 107.9
C33 (GPa) 384.0 376.9 370.4
Mf (GPa) 459.7 450.2 441.3
Poisson ratio 0.218 ± 0.022 0.222 ± 0.022 0.226 ± 0.021
the biaxial strain εbc /εba = −2ν/(1 − ν) ). This ratio for samples A, B, and C was found to be −0.56, −0.57,
and −0.58, respectively. These results are in agreement with the literature [10,17,23]. In addition, the strain ratio
increased with increasing In content in the samples. However, the strain ratio, εc/εa, depends on the amount of
biaxial stress, the concentration of point defects, and the ratio of the atomic covalent radii of the species in the
layer [17].
C© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.crt-journal.org
Cryst. Res. Technol. 47, No. 8 (2012) 831
Biaxial strains come from the growth on the lattice–mismatched sapphire substrate and post-growth cooling
[13]. This behaviour is evaluated from the thermal strains (εthermal). εthermal can be calculated from the thermal
expansion coefficient TEC (α), which is derived from the post-growth cooling from the growth temperature to
room temperature using the relation
εthermal =
Tgrowth∫
Troom
(αlayer − αsubstrate) dT (8)
TECs for InN, GaN, AlN and Al2O3 are 4.10, 5.6, 6.9, and 7.5 (x 10−6 K−1), respectively [48–50]. TECs for
InGaN layers in the A, B, and C samples were obtained as 4.201, 4.249, and 4.294 (x10−6 K−1) at growth
temperature by assuming that the TECs of the InGaN change linearly with In content. As expected, the TEC of
InGaN has changed between the TECs of AlN and GaN. The thermal strains of the grown GaN layer on the AlN
and the grown AlN layer on Al2O3 were calculated as −1.379 and −0.488 (x10−3), respectively. The thermal
strain of the grown GaN on sapphire is −2.014 × 10−3 [13]. These results indicate that the compressive strain in
the structures was reduced by growing AlN on the sapphire, as expected. The thermal strain of the grown InGaN
layer on the GaN layer in the A, B, and C samples was also calculated as −0.963, −0.916, and −0.885 (x10−3),
respectively. The magnitude of εthermal in InGaN for all the samples has decreased by increasing the In content in
the layer. At the same time, the thermal strains values with an order of approx. 10−1 in all the layers are smaller
than the biaxial strains for all the layers. The biaxial strains may be affected by some dislocations generated
during the cooling process.
The in-plane biaxial stress in the epilayer σ f can be calculated from the relationship:
σf =
(
c11 + c12 − 2c
2
13
c33
)
εba (9)
where the inside of the parentheses the biaxial elastic modulus is labelled with Mf and, therefore, biaxial stress
is demonstrated as σ f = Mfεba [14]. The biaxial stress in the layers of the samples is calculated and shown in
figure 5e. As seen in this figure, the biaxial stress of all the layers shows compressive behaviour. The stress in the
layers with increasing In contents for the samples shows characteristic behaviour. As the In content is increased,
the biaxial stress of the InGaN layers was also increased in this direction.
The hydrostatic strain is affected by doping and point defects in the alloy structures [10]. This strain can be
compressive or expansive depending on the size of the defects. The various type point defects can be formed
depending on the growth conditions such as substitutional type point defects (AlGa, GaN , NIn, AlN , and GaIn),
interstitial point defects (Ni, Gai, Ali, and Ini), and vacancies (VAl, VN , VIn, and VGa) due to the covalent radii of
the Al, Ga, and In atoms being considerably larger than the covalent radius of the N atom. Therefore, the AlGa,
GaN , InN , AlN , InGa, Ni, Gai, Ali and Ni type defects also cause a crystal expansion, whereas GaAl, NGa, NIn, NAl,
GaIn, VAl, VGa, VIn, and VN type point defects lead to crystal compression as described in [10,13]. The hydrostatic
strains for all the layers in the grown samples were calculated by using equation 7. The error introduced in the
value of εh for AlN, GaN, and InGaN layers in samples A, B, and C by the uncertainty in the measured values of
C13 and C33 were estimated as 0.00007, 0.00004, and 0.0002, respectively. The calculated hydrostatic strains, for
the AlN, GaN, and InGaN layers in all the samples are given in figure 5f. As can be seen in this figure, in case of
the sample A the hydrostatic strain in the InGaN QW layer was tensile while the hydrostatic strain of samples B
and C were compressive. With other words, NGa, NIn, GaIn, VGa, VIn, and VN type point defects are dominant for
samples B and C, whereas, GaN , InN , InGa, Ini Gai, and Ni type point defects are dominant for sample A. This type
of defects or the tensile type hydrostatic strain in sample A may be attributed to increasing of interstitial point
defects. The compressive hydrostatic strains suggest that the GaN and AlN have the substitutional and interstitial
type point defects. Additionally, the magnitude of the hydrostatic strain of the InGaN QW layer is smaller than
the magnitude of εh for the GaN layer in all the samples. This may be explained with low point defect of the
InGaN with respect to GaN layers since hydrostatic strain in GaN is affected by doping and point defects [10].
In addition, since the hydrostatic strain was smaller than εa, therefore, εba is slightly different than εa.
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4 Conclusion
In this work, five period three quantum well structure were grown by MOVD and the strain and stress analysis
of the structures were studied by evaluation of obtained HRXRD data. The biaxial and hydrostatic components
were extracted from the strain values obtained, and were then discussed in the present study as the effect of the
increasing In content depending on growth conditions in InxGa1−xN. The normal strain components and biaxial
strains in the a-direction showed a little decreasing with the In content. At the same time, the normal and biaxial
strains in the a-direction showed the opposite behaviour of the ones in the c-direction. The normal strains in the
every two directions for InGaN showed a decrease with a small positive bowing. On the other hand, the a- and
c-biaxial strains of the InGaN behaved compressive and tensile, respectively. The reason for this behaviour is
from the post growth cooling, lattice and thermal mismatch. The compressive hydrostatic strains suggest that the
related layers have the substitutional and vacancy type point defects while the tensile strained layers have the
substitutional and interstitial type point defects.
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